Intracerebral dialysis has allowed the contin uous, on-line measurement of lactate in the extracellular fluid (ECF) of conscious, freely moving rats. The rapid time response of the technique allows the direct determi nation of the time course of changes in lactate in ECF following externally imposed stimuli. The time course of lactate appearance in ECF was found to be considerably slower than that observed in tissue following electrocon vulsive shock or during ischemia following cardiac arrest. The ECF data could be fit to an integrated Michaelis Menten model that assumed reversible transport of lac tate across the cell membrane. This transport was found to act only when energy supplies could maintain mem brane integrity and function, since ECF levels of lactate
The intracellular concentration of lactate is di rectly dependent on the cytoplasmic redox state, pH, and the intracellular pyruvate concentration (Hohorst et aI., 1959) . Indeed, the cytoplasmic redox state of the brain undergoes dramatic changes following seizure (e.g., Howse and Duffy, 1975) and ischemia (e.g., Lowry et aI., 1964) . Since such events produce large changes in the concen trations of lactate, it is important to understand how its intracellular levels are regulated (i.e., via metabolism, transport). Lactate levels are particu larly important in this respect, since intracellular accumulation of lactate is also directly associated with cell dysfunction and death (Myers, 1979; Rehncrona et aI., 1981; Hillered et aI., 1985) .
failed to follow tissue levels after cardiac arrest when en ergy resources are depleted. The calculated rate of cel lular lactate transport was two orders of magnitude faster than transport of lactate across the blood-brain barrier in the adult rat, and passive diffusion of lactate was not found to contribute significantly across either cell or blood-brain barriers. Probenecid, an inhibitor of acid transport, was able to block both the efflux of lactate from cell to ECF and the consequent reuptake of lactate by cells in the striatum of the rat following electroconvul sive shock or ischemia. Key Words: Electroconvulsive shock-In vivo dialysis-Ischemia-Lactic acid Striatum-Tr ansport.
Tr ansport of lactate between intra-and extracel lular compartments in the brain has often been as sumed to be mediated via simple diffusion of the undissociated lactic acid molecule through the cell membrane (e.g., Roos and Boron, 1981; Smith et aI., 1986) . Recent studies suggest, however, that a monocarboxylic acid carrier exists at the cellular level in heart (Mann et aI., 1985) and in sympathetic ganglia (Larrabee, 1983) . Carrier-mediated trans port at the cellular level would tend to stabilize concentrations at a steady-state level under resting conditions, but could result in severely restricted transport when membrane function is impaired (e.g., during ischemia). Thus, failure of this trans port system may aggravate the deleterious effects of such trauma, particularly in those cells that have accumulated lactate at a high rate owing to en hanced metabolic activity.
In this study, we have utilized in vivo dialysis perfusion of the striatum of conscious, freely moving rats to study the dynamics of lactate in ex tracellular fluid (ECF) . The time course of lactate appearance in ECF was shorter, but significantly delayed when compared with that observed in tissue following electroconvulsive shock. This indi cates that the transport of lactate from the cyto plasm to ECF was rate limiting. ECF levels ob served following ischemia induced by cardiac arrest never reached >20% of that observed in tissue. Probenecid, an inhibitor of the transport of the ion ized form of several acids (Korf and Van Praag, 1971) , was able to block both the efflux of lactate from cell to ECF and the consequent reuptake of lactate by cells in the striatum of the rat following electroconvulsive shock or ischemia. These data suggest the presence of a carrier-dependent trans port system at the cellular level. The kinetics of this system were investigated by integrating a reversible Michaelis-Menten model and fitting the predicted curve to the time course data. The rate of cellular lactate transport estimated in this manner was two orders of magnitude faster than transport of lactate across the blood-brain barrier (BBB) in the adult rat (Cremer et aI., 1979) . Passive diffusion of lactate was not found to contribute significantly across ei ther cell or blood-brain barriers.
MATERIALS AND METHODS

Surgery
Male rats (200-300 g; Wistar strain, locally bred by the Centraal Proefdieren Lab., Groningen, The Netherlands) were anesthetized with chloral hydrate (400 mglkg i.p. ) and placed in a stereotaxic apparatus. V-shaped cellulose dialysis fibers (200-"",m outer diameter, 20, 000 MW cutoff) were implanted bilaterally in the rat striatum as described previously (Korf and Venema, 1985) . Rats were allowed to recover from surgery for 24-48 h prior to experimentation.
Dialysis perfusion
The striatum of freely moving conscious animals was perfused at 10 "",I min-I with Hertz medium (artificial CSF consisting of 120 mM NaCl, 15 mM NaHC03, 5 mM KCl, 1. 5 mM CaCI2, 1.0 mM MgS04, and 6 mM glucose, equilibrated with 95% 02/5% CO2, pH 7.40) . Lactate was detected continuously on-line after mixing the dialysate with a reagent solution [5 "",g ml -I lactate dehydrogenase (L-lactate: NAD oxidoreductase, EC 1.1. 1.27; isolated from pig heart, specific activity �250 Ulmg; Boehringer Mannheim, F.R.G. ) and 0.5 mM NAD+ (Boehringer Mannheim) in a carbonate buffer (62.5 mM, pH 9.5)], used at a flow rate of 50 "",I min -1. The NADH generated in this enzymatic oxidation of lactate to pyruvate was monitored fluorometrically, and the intensity of this signal was found to be directly proportional to the con centration of lactate as described previously (Kuhr and Korf, 1988a,b) .
Electrically induced shocks
Rats were shocked with an Either electroshock appa ratus (type ES) . Current was delivered through earcIips at a frequency of 50 Hz during 1 s (total power 8-10 W, biphasic sinusoidal waveform). The rats had generalized seizures for 30-45 s and remained sedated for 15-30 min following the shock. In some experiments, probenecid (20 mM; Merck and Co. , Rahway, NJ, U. S. A. ) was added to the dialysate 1 h prior to the electroconvulsive shock to allow treatment of the tissue surrounding the dialysis probe.
Cardiac arrest
Rats were fitted with an indwelling cardiac catheter; MgCI2 (300 mg ml-I) was administered at the time indi cated to produce instantaneous cardiac arrest. Rats were perfused continuously before, during, and after the car diac arrest. In some animals, probenecid (20 mM) was administered locally through the dialystate 1 h prior to cardiac arrest. In other animals, lactic acid (0.5 mmol, neutralized to pH 7 and diluted to 1 ml with saline) was administered to increase the blood concentration by 10 mM.
Chemical treatment
Probenecid (20 mM) was dissolved in 0. 25 M NaOH, neutralized to pH 7. 4 with HCl, and diluted with Hertz medium. A long-term exposure of probenecid was pro duced by continuous substitution of the Hertz medium with the probenecid solution.
Tissue analysis
The effect of ischemia on tissue lactate levels was in vestigated through postmortem analysis. Rats were de capitated and the striata were rapidly dissected and placed on solid CO2 at the time indicated. Samples were maintained at -80°C until they were homogenized in ice cold 5% trichloroacetic acid. Homogenates were centri fuged and decanted, and the supernatants were frozen at -20°C. At the time of analysis, supernatants were neu tralized with 1 mM sodium hydroxide, then diluted in a carbonate buffer (pH 9.5) . Analysis was performed by in jection of a 10-"",1 sample into the flow injection apparatus described above. Lactate standards were prepared in the same diluent and injected for external quantitation.
Evaluation of transport kinetics
The instantaneous concentration of lactic acid in the dialysate was transformed into ECF lactate levels based on the assumption that the basal level corresponded to a concentration of 1. 1 mM lactate (determined previously; Kuhr and Korf, 1988a) . Tissue levels were assumed to represent intracellular lactate concentrations. Data were averaged from several animals and the average response was fit to a reversible Michaelis-Menten model for trans port (see Results) .
RESULTS
Time course of lactate efflux after electroconvulsive shock or cardiac arrest Lactate efflux into ECF was monitored following a single electroconvulsive shock as reported pre viously (Kuhr and Korf, 1988a) . ECF levels were found to lag behind tissue levels ( Fig. 1 ; Ta ble 1) and were maximal 5 min after the shock. Ischemia induced by cardiac arrest also produced a rapid in crease in tissue levels of lactate followed by a de layed increase in ECF levels ( Fig. 2 ; Ta ble 1). The increase in tissue levels was much more pro nounced and remained elevated for a much longer period than that observed in ECF.
Effect of probenecid on lactate efflux
Continuous administration of 20 mM probenecid through the dialysis cannula gradually increased the basal level of lactate in ECF ( Fig. 3) . A new steady state was reached within 20 min at a level of � 150% of control. Probenecid also reduced the rate of lac tate efflux following electroconvulsive shock ( Fig.  1 ) and almost completely abolished the increase in ECF lactate following ischemia induced by cardiac arrest (Fig. 2) . In contrast, intraperitoneal adminis tration of probenecid with doses as high as 200 mg kg -1 failed to increase the ECF lactate concentra tion. Since the drug solution reaches tissue only within a few hundred microns of the dialysis fiber, no attempt was made to determine the effect of probenecid on lactate tissue levels in this study.
BBB permeability of lactate
Lactate (0.25 mmol per injection) was adminis tered intravenously to determine the extent to which blood levels may influence ECF lactate levels. Addition of 0.25 mmol lactate (raising blood lactate levels by � 10 mM) did not result in a detect- 
a Data from Merrill and Guynn (1982) .
b Basal values were calculated as extracellular fluid lactate (Kuhr and Korf, 1988a) , which is assumed to be in equilibrium with intracellular fluid.
able increase in ECF lactate levels within 1 h of ad ministration, confirming similar studies of CSF levels in adult dogs (Nemoto et aI., 1974) .
Apparent kinetics of cellular lactate transport
A model for the dynamics of lactate in ECF is shown in Fig. 4 . Since the flux across the BBB was found to be negligible under these experimental conditions, the rate was neglected in this model. The observed response, however, will also be de pendent on the diffusion of lactate from ECF to the in vivo probe and the time response of that probe (Wightman et aI., 1988;  for illustration see Fig. 4 ).
Since it is presently impossible to quantitatively evaluate the contribution of diffusion to the U shaped dialysis probe, a simplified kinetic model will be used to evaluate the observed events. Therefore, the kinetics of lactate transport into where [LAC] , V, and K are the concentration of lactate, the maximal velocity, and the Michaelis constant for lactate in intra-(ICF) and extracel lular (ECF) compartments. Therefore, the instan taneous concentration of lactate in each compart ment can be evaluated as a function of time t, such that
The time interval dt is kept small « lO s) to fa cili tate integration, and the initial value of k 2 ' a first order rate constant representing the rate at which the lactate generated during electroconvulsive shock returns to steady state, was obtained by non linear regression of the tissue concentration of lac tate following the shock (data fr om Merrill and Guynn, 1982) . The magnitude of the velocity for transport into the cell is corrected for the change in . The model consists of three compartments: blood, ECF, and intracellular fluid (ICF). Transport between these compartments is assumed to be in equilibrium at rest. When ICF lactate production is stimulated rapidly (i.e., after electroconvulsive shock or isch emia), ICF levels rise and the net transport of lactate out of the cell becomes rate limiting (governed by the Km and Vmax of cellular transport). This is observed by our dialysis system after lactate has diffused through the tortuous environment of the brain to reach the implanted cannula. When ICF levels are maximal, however, this flux will diminish until ECF and ICF levels are in equilibrium again. The clearance of lactate from ECF will then be dominated by transport back into the cell and reconversion of lactate to pyruvate, since the rate of transport across the blood-brain barrier (BBB) (k 1 ) is min imal under these experimental conditions. The rate-limiting step in this case, however, is the rate at which lactate is re converted to pyruvate (PYR) by lactate dehydrogenase. Al though this is an equilibrium reaction, it can be represented with first-order kinetics (with rate constant k2) as levels ap proach equilibrium. Finally, since this transport is dependent on cell function, the maximal rate of lactate transport will be influenced by the availability of high-energy substrates. De pletion of these substrates with other processes (i.e., in isch emia via a first-order approximation, k3) will reduce the rate of transport proportionately.
volume that occurs fr om extra-to intracellular fluid (based on an ECF volume of 20%; Nicholson and Phillips, 1981) . Only the symmetrical case was con sidered, in that the values for Km and V max for intra-and extracellular fluid were assumed equal. These equations were integrated digitally and fit to experi mental data using a protocol similar to that used previously for the dynamics of dopamine in ECF following neuronal stimulation (Kuhr, 1986) . Briefly, the fit of the calculated curve to the experi mental data was performed with a Simplex-opti mized scheme using a nonlinear least-squares pro tocol, where the sum of squares of the residuals of the measured to calculated values (SOS) was mini mized. A nonlinear regression coefficient was eval uated with the equation: r = 1 -(SOS/SOM)V2, where SOM is the sum of the squares of the mea sured values.
Optimized values for Km, V mal" kz, and the initial intracellular concentration of lactate, shown in Table 2 , produce curves that fit well with the mea sured data following electroconvulsive shock in control animals and in animals pretreated with pro benecid (Fig. 5) . Additionally, the rate constant for lactate utilization kz predicted in this manner is in good agreement with that observed with tissue data ( Table 2 ). The increase in ECF lactate observed fol lowing global ischemia after cardiac arrest is much smaller than predicted by this simulation (Fig. 6) . A good fit was obtained, however, when the V max of transport was linked to the concentration of the high-energy substrates in brain (e.g., ATP, phos phocreatine), which were assumed to indicate the functional state of cell membranes following isch emia (Fig. 4) . Thus,
where k3 is the first-order rate constant for the dis appearance of high-energy compounds following ischemia (tissue data of Lowry et aI., 1964; Ta ble 2). Thus, the rate at which these compounds are consumed can be used to estimate the functional state of cell membranes following ischemia (Fig. 6) .
DISCUSSION
Lactic acid is a compound of fundamental impor tance in the study of the metabolism of the brain.
Basal levels of lactate are high (�1 mM), and these levels increase dramatically (3-to lO-fold) following events that stimulate glycolysis in the brain (e.g., ischemia, seizure). Since changes of this magnitude can affect the pH and osmolarity of intracellular fluid dramatically, other cellular processes can be affected significantly. Thus, the regulation of intra and extracellular lactate levels may play an impor tant role in the overall mechanism by which cell function is restored following gross metabolic in sults.
The existence of lactate transport at the cellular level is implied by a delay in the increase in ECF lactate concentration observed following seizure activity induced by electroconvulsive shock. Many investigators have shown that shock-induced sei zures increase lactate levels in tissue samples maxi mally within seconds (e.g., Bolwig and Quistorff, 1973; Duffy et aI., 1975; Howse and Duffy, 1975; Chapman et aI., 1977; Miller et aI., 1982) , yet ECF levels are maximal only after 5 min ( Fig. 1 ; also Kuhr and Korf, 1988a,b) . This delay is not an arti fact of our analytical system, since the response time of the perfusion measurement (40 s; Kuhr and Korf, 1988b ) is more than five times faster than the fastest process observed here (electroconvulsive shock response; Fig. 1) . Additionally, the increase observed in ECF is much smaller than that ob served in tissue (�180% in ECF compared with 300-500% in tissue). Both of these observations as well as the high basal levels of lactate indicate that there is a barrier to the transport of lactate out of the cell.
The most compelling evidence for the compart mentalization of lactate is provided by the ECF data following ischemia. The increase in ECF lac tate observed during ischemia is delayed in much the same way as the electroconvulsive shock re sponse (Fig. 2) , even though tissue levels increase even more dramatically (Table 2; Kobayashi et aI., 1977) . ECF levels are maximal 5 min after induction of ischemia at a level �200% of control, yet tissue levels increase to a level almost five times higher. This is what might be expected for a carrier-me- a Compared with values of 0. 11 and 0. 14 min -I calculated from the changes in tissue lactate levels following electroconvulsive shock reported by Merrill and Guynn (1982) and Collins et al. (1970), respectively. b Compared with the value of 1.14 min -I calculated for the rate of disappearance of AT P and phosphocreatine following ischemia reported by Lowry et al. (1964) . [LACIICF , t�30 s = 3.15 mM; Km = 2.2 mM; Vmax = 0.97 fLmol min-1 g-l; k 1 = k3 = 0; k2 = 0.12 min-1 (see Table 2 and Fig. 4 for description of parameters). Inset: Simulation of ECF lactate following ECS with inhibition of transport: the best fit to an ECS response when transport is inhibited with probenecid (see Fig 1. for experimental details). Optimized parameters were as follows: [LACIEcF . t�O = [LACllcF , t�O = 1.4 mM; [LACIICF , t� 30 s = 3.1 5 mM; Km = 9.9 mM; Vmax = 0.97 fLmol min-1 g-l; k 1 = k3 = 0; k2 = 0.11 min-1 (see Table 2 and Fig. 4 for description of parameters).
diated transport system, since transport of lactate out of the cell should cease once the available en ergy supply is consumed and membrane function is disrupted.
Moreover, the transport of lactate was found to be inhibited by probenecid, which has previously been found to inhibit transport of various acidic (monoamine) metabolites (Korf and Van Praag, 1971 ) and lactate (Yuwiler et aI., 1982; MacMillan, 1987) from CSF. These species, which have a pKa between 1 and 5, exist primarily as anions at physi ological pH. Lactate, with a pKa of 3. 9, also exists almost entirely as an anion in this pH region (99.97%, based on ion dissociation kinetics). Local administration of probenecid was found to increase basal ECF lactate levels as well as reduce the efflux and subsequent reuptake of lactate following elec troconvulsive shock and cardiac arrest (Figs. 1-3) . In contrast, intraperitoneal administration of a dose of probenecid sufficient to block transport from CSF (MacMillan, 1987) had no effect on ECF levels, indicating that BBB transport did not con tribute significantly to the observed response.
Intravenous injection of sufficient lactate to raise blood levels by 10 mM also did not affect ECF levels within 1 h, confirming that permeation of lac tate across the BBB is slow, if present at all, in adults (Nemoto et aI., 1974; Cremer et aI., 1979) . This also contraindicates the presence of a signifi cant non saturable (presumably diffusive) compo nent of lactate transport across the BBB since such transport would not show kinetic control, but --Q) ... = 0; k3 = 0.93 min-1 (see Table 2 and Fig. 4 for description of parameters).
would rather be dependent only on the lactate con centration gradient across the BBB. The use of a kinetic model for reversible lactate transport across the cell membrane was prompted by the observation that lactate levels always re turned to a steady-state value of � 1.1 mM in ECF after electroconvulsive shock or chemical stimula tion (Kuhr and Korf, 1988b) . Larrabee (1983) has demonstrated similar behavior for lactate transport in sympathetic ganglia in vitro. This transport was saturable and showed distinct characteristics of an equilibrium system-there was a consistent ap proach to the same steady-state level, regardless of whether initial extracellular levels were higher or lower than final steady-state values.
A complete kinetic model for this situation J Cereb Blood Flow Metah. Vol. 8, No. 6, 1988 should include the possible effects of diffusion, in strument response, and all relevant chemical and biochemical parameters (e.g. , the counterion asso ciated with the lactate anion, the presence of co transported ions, energy dependence, etc.). Since this is difficult to perform even with a well-defined model with spherical symmetrical in vivo (Wightman et aI., 1988) , we decided to see how well a simple model based only on membrane transport would fit with the observed data. Additionally, since transport of lactate across the BBB was found to be negligible under these conditions and the rate of consumption of lactate by the dialysis probe was even smaller than BBB transport (Kuhr and Korf, 1988a) , these processes were ignored in the simple model we employed (Fig. 4) .
Use of this model resulted in excellent agreement with the experimental data following electroconvul sive shock (Fig. 5) . By fitting the entire curve, the response observed in ECF could be compared with that found in tissue. Since the absolute change in tissue metabolite levels following electroconvulsive shock is extremely variable as reported in the liter ature (see Miller, 1981) , the rate at which lactate returned to steady state following shock (k 2 ) was used for comparison with tissue data, since it is a concentration-independent term. The rate calcu lated by fitting the ECF data following electrocon vulsive shock is in excellent agreement with that calculated from literature tissue data (Table 2) .
The increase in ECF lactate following ischemia could be represented accurately only by a transport system that was dependent on functional cellular membranes. Membrane function was estimated here by the availability of high-energy compounds used to create the various ion gradients necessary for physiological function. The rate at which this transport is inhibited is somewhat slower than the rate of consumption of high-energy compounds fol lowing ischemia (Table 2 ). This may be explained, at least in part, by an overestimation of ECF lactate levels due to shrinkage of the volume of extracel lular space following ischemia (von Hanwehr et at., 1986; Korf et aI., 1988) . Thus, the net transport of lactate into ECF after ischemia would be even less than observed here. More importantly, the failure of this transport process during ischemia may ex plain why the changes observed in extracellular pH in hypo-and normoglycemic rats were much smaller than predicted when free diffusion of lac tate was assumed to occur between intra-and ex tracellular compartments (Smith et aI., 1986; von Hanwehr et aI., 1986) .
Since the diffusion of lactate through tissue and the response function of the dialysis system have not been accounted for in this model, the values obtained here can serve only as limiting values for the apparent kinetic parameters for this transport system (Wightman et aI., 1988) . The value found for the apparent K m of lactate transport is slightly smaller than that found for sympathetic ganglia in vitro (2.4 vs. 4.8 mM; Larrabee, 1983) . This is very encouraging, since diffusional processes are likely only to impede the apparent kinetics (i.e., increase K m or decrease V max) .
Additional evidence for the validity of these ki netic data is provided by the effect of probenecid on transport kinetics. The local administration of probenecid caused an apparent elevation in K m without influencing the other kinetic parameters (Table 2) , which is consistent with competitive inhi-bition of the transport system. Such inhibition would also elevate the steady-state concentration of ECF lactate as observed (Fig. 3) . The almost complete inhibition of lactate transport by proben ecid observed during ischemia following cardiac ar rest provides dramatic evidence that this transport is a carrier-mediated process. The decrease in levels observed at long times may be the effect of the restricted diffusion of lactate in the reduced ex tracellular space following ischemia (Korf et aI., 1988) .
Another important point is the rate of transport across the cell membrane predicted by this model ( Table 2 ). The transport of monocarboxylic acids across the BBB is well documented and has a sig nificant component that follows Michaelis-Menten kinetics (Oldendorf, 1973) , but very little of the ac tivity of this transport system present in preado lescence is still present in adults (Cremer et aI., 1979) . This is true even after hypoxia, where only a small percentage of the lactate removed from the isolated dog brain could be attributed to clearance into venous blood (�20%; Zimmer and Lang, 1975) . Indeed, the rate of transport across the cell membrane determined here is almost two orders of magnitude higher than that shown for transport across the BBB in adults (Table 2; Cremer et aI., 1979) .
Therefore, it seems unlikely that lactate is cleared from brain tissue by the vascular system as it is in muscle tissue, but instead, that recycling of lactate to pyruvate is the principal route for the clearance of excess lactate once generated. Here again, the rate of cell transport is almost an order of magnitude faster than the rate of lactate metabo lism (Table 2 ). This may be an important factor in recovery following the heterogeneous activation of metabolic processes in different cells (i.e., activa tion of neurons versus glia), since the rate at which lactate is cleared from a particular cell will then be transport limited, rather than metabolism limited. Thus, there may be a rapid transfer of lactate be tween adjacent cells, such that the large reservoir of energy still present in accumulated lactate is not wasted, but instead utilized by other cells in the brain.
